We observe second-order rectification and shift currents in GaAs at 295 K using 150 fs pulses at 1.55 and 0.775 m, respectively. For the same low pump intensity, 100 MW cm Ϫ2 , the shift current density is 570 times larger than the rectification current density. At high intensity, the shift current is strongly affected by carrier screening and dephasing and is in phase quadrature with the rectification current. A maximum shift current density of 60 kA cm Ϫ2 is inferred for a pump intensity of 500 MW cm Ϫ2 . © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1436530͔
The second order optical susceptibility, 2 , represents the lowest order nonlinear optical response of a noncentrosymmetric crystal and leads to sum and difference frequency generation. In the case where the component beams have the same, or nearly the same, frequency and interact nonresonantly with the crystal, the difference frequency is in the dc range and historically one refers to the induced polarization density as optical rectification, with the induced charge displacement following the envelope of the exciting optical pulses. When optical beams are resonant with valence-conduction band transitions, i.e., with frequencies higher than that associated with the fundamental band gap, E g , in a semiconductor, the underlying physics of the ''dc response'' has not been understood, and is often simply referred to as above-band-gap-rectification. 1 From a different perspective, Sturman and Fridkin have shown 2 phenomenologically that the resonant interaction of two beams with a semiconductor can lead to the production of real currents, but the connection to nonlinear optics is not clear.
Recently, Sipe et al. 3 showed that, in general, if a pulse with center frequency o and temporal electric field envelope E(t)ϭ͐dẼ ()e Ϫi(Ϫ o )t interacts with a semiconductor, the components Ẽ () and Ẽ (Ϫ⍀) induce a nonlinear polarization P (⍀) via a 2 which contains three contributions; neglecting carrier scattering effects and ignoring explicit tensor notation, for ⍀Ӷ 2 takes the form: 2 ͑ Ϫ⍀;,Ϫϩ⍀ ͒ϭ 2 Ј͑Ϫ⍀;,Ϫϩ⍀͒
͑1͒
The first term represents the nonresonant ͑rectification͒ component and reflects displacement of virtually excited carriers; it is nonzero for all , since all pairs of valence, conduction bands separated by a band gap E g Ј with បϽE g Ј can make a contribution. The other two terms are associated with the production of carriers in the resonantly excited bands and lead to electrical current. The second term ͑containing 2 , which is purely real͒ arises from the spatial shift of the center of charge during excitation and leads to a ''shift'' current if the subsequent carrier scattering has an isotropic component.
Finally, the third term ͑containing 2 ͒ reflects quantum interference between different pathways ͑e.g., involving different polarization components of the same beam͒ linking the same initial and final states in the valence and conduction bands; for materials of appropriate symmetry it can lead to injection of polar distributions of carriers and therefore an ''injection'' current. The injection current vanishes identically 3 in a zincblende structure like GaAs although it survives with lower symmetry materials such as those of the Wurtzite structure. 4 Since carrier current is related to the time-derivative of the optically induced polarization density, it is easy to show that for transform-limited pulses the rectification and shift currents induced ͑I͒ by optical pulses take the form:
where we have neglected the dispersion in ⍀ for the nonlinear coefficients and taken 2 Јϵ 2 Ј(0;,Ϫ) and 2 ϵ 2 (0;,Ϫ). The rectification current follows the time derivative of the optical pulse envelope whereas the shift current follows the envelope directly. From Eq. ͑1͒ or equivalently Eqs. ͑2͒ and ͑3͒ one would expect the shift current to lag the rectification current by a phase of /2 under identical excitation conditions. In this letter we report and compare rectification and shift current signatures in a GaAs crystal at 295 K (E g ϭ1.42 eV) using femtosecond pulses. Because both 2 Ј and 2 in GaAs have only nonzero tensor elements in which all three Cartesian indices are different, we employed a ͑110͒ oriented GaAs crystal. One can compare the rectification and shift current contributions with two beams, one with ប ϭ0.8 eV (ϽE g ) and one with បϭ1.6 eV (ϾE g ) in GaAs. When បϾE g and pulses of 150 fs are used, the shift current contribution dominates the rectification current. 5 We measure the femtosecond current transients via the resulting THz radiation using free-space electro-optic ͑EO͒ sampling. Because of the wavelength sensitivity of coherent THz detection, in the past it has been difficult to obtain a clear signature for both currents.
6,7 Here we unambiguously idena͒ Electronic mail: dcote@physics.utoronto.ca APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 6 11 FEBRUARY 2002 tify rectification and shift currents using the multiple wavelength capability of an optical parametric source.
In the experiments, an optical parametric amplifier is used to produce 150 fs ͑intensity FWHM͒ signal pulses at 1.55 m (បϭ0.8 eV) and 1.69 m idler pulses at a repetition rate of 250 kHz. The 1.55 m beam is frequency doubled to produce a 0.775 m pulse and these linearly polarized beams ͑with polarization along the ͓1 10͔ direction͒ are incident on the 100 m thick GaAs sample at normal incidence as shown in Fig. 1 . The relative time of arrival of the pulses is controlled using a Michelson interferometer ͓not shown ͑Ref. 8͔͒. The 1.55 and 0.775 m beams have maximum average power of 1.5 and 15 mW, respectively, and are focused to spot diameters of 75 and 90 m. With either the 1.55 or 0.775 m beam incident on the crystal to induce a rectification or a shift current, the generated THz radiation is transmitted through a long-pass (Ͼ2 m) filter to block the optical beams. The THz beam is then collected with an off-axis parabolic mirror and refocused into a 500 m thick ͑110͒ ZnTe crystal along with a 0.845 m beam ͑second harmonics of the 1.69 m idler beam͒ for electrooptic sampling of the THz beams. Phase-locked detection is used with an optical chopper in the pump arm and balanced detection is performed with a New Focus Nirvana detector in regular balance mode.
Typical temporal THz traces for rectification and shift currents as generated by 1.55 and 0.775 m pulses with intensities of 6 GW cm Ϫ2 and 500 MW cm Ϫ2 , respectively, are shown in Fig. 2 . Note that the shift current leads the rectification current by a phase of approximately /2, which is the opposite phase predicted by Eq. ͑3͒. The intensity dependence of the EO signal amplitude at 2 THz ͑proportional to the spatially integrated current amplitude͒ is shown in Fig.  3 . The long temporal trace is due to the imperfect phase matching of the probe pulse with the THz radiation in the ZnTe crystal 9 and the peak at a delay of 3 ps arises from reflections in the GaAs wafer. However, the frequency response of the EO system for both rectification and shift current signals is rigorously identical and the /2 phase shift of the two traces is related to the difference in the generation of rectification and shift currents. Both rectification and shift currents scale linearly with laser intensity at low intensities according to Eqs. ͑2͒ and ͑3͒. The radiated THz field additionally scales linearly with the interaction length. At low intensities (Ͻ100 MW cm Ϫ2 ), simple phase matching and absorption considerations yield an interaction length of 95 and 0.67 m for rectification and shift currents, respectively.
We obtain the ratio of shift and rectification current densities to be:
This value is within a factor of 2 of the theoretical prediction using the experimental parameters and theoretical values of 2 Ј xyz ϭ100 pm/V ͑Ref. 10͒ and ⑀ o Ϫ1 2 xyz ϭ5 A/V 2 ͑Ref. 3͒ taking into account that linearly polarized beams are incident on a ͑110͒-oriented sample. In terms of THz generation, the very short interaction length of shift current is balanced with a current density more than two orders of magnitude larger than the rectification current. For maximum optical intensities of 6 GW cm Ϫ2 ͑1.55 m͒ and 500 MW cm Ϫ2 ͑0.775 m͒, and using the known halfwave field in ZnTe (98 kV cm Ϫ1 ), we estimate that the maximum peak THz electric field in the ZnTe is ϳ14 V cm Ϫ1 from the rectification current and 2 V cm Ϫ1 from the shift current. Figure 3 shows that the EO signal amplitudes for both THz beams vary nonlinearly with laser intensity at high intensities. In the case of rectification current the nonlinearity is consistent with pump depletion via two-photon absorption ͓␤ϭ5 cm/GW in GaAs ͑Ref. 11͔͒ as indicated by the calculated solid curve. For shift current, a departure from linear response is observed when the intensity rises above 200 MW cm Ϫ2 which corresponds to a peak carrier density (n) approaching 10 18 cm Ϫ3 and is most likely related to carrier scattering and screening via the space-charge field. To assess this hypothesis, we employ a simple model following Atanasov 12 and van Driel 13 in which the electrons are the dominant current carriers. We consider that the carrier density and current are constant across the illuminated area and accumulation of the charges at the edges of the area yields a space-charge field E sc which leads to plasma oscillation at frequency p (ϰͱn). Carrier scattering is also present and causes attenuation of the coherent motion of the carriers with a time constant . Overall then the shift current evolution is governed by:
where m* is the electron effective mass and dJ shift I /dt is the time derivative of the shift current source. We numerically solve the transport equation for J shift together with Poisson's equation. For n in the range of 10 18 cm Ϫ3 , consistent with previous measurements 14 -16 we take to vary with n as ϭ3.3ϫ10
4 n Ϫ1/3 ps cm Ϫ1 with n measured in cm Ϫ3 . The calculation of the THz radiation field involves the following steps. We first calculate the spectrum of the polarization density in GaAs using Eqs. ͑3͒ and ͑5͒ taking into consideration the absorption of the pump beam. We then calculate the farfield radiation spectrum for our geometry using the Green's function formalism presented by Sipe.
17-19 Finally, we correct the spectrum for the finite aperture size of the collimating mirror and the frequency response of the ZnTe detector to calculate the EO signal. 9 The dotted curve in Fig. 3 shows the calculated behavior of the measured THz fields as a function of laser intensity based on the above parameters and the inset of Fig. 2 shows the calculated EO traces under the same condition as the main graph. We can infer a maximum value of 1 kA cm Ϫ2 for the rectification current density and 60 kA cm Ϫ2 for shift current density after correction for interaction lengths. The model is reasonably consistent with the experimental data. At a peak carrier density n ϭ10 18 cm Ϫ3 ͑estimated from the experimental parameters͒, p ϭ30 ps Ϫ1 and the carrier screening time (ϰ p Ϫ1 ) is shorter than the buildup time of current. A current reversal occurs during the optical pulse. This phase reversal of the shift current is similar to the phase reversal which occurs in the response of a simple harmonic oscillator driven above and below its resonance frequency. Indeed this current reversal accounts for a relative phase of the shift and rectification currents of approximately /2 as observed experimentally in Fig. 2 and not the Ϫ/2 as predicted at low carrier densities by Eq. ͑3͒.
In summary we have observed the signatures for rectification and shift currents in GaAs. We have measured their scaling behavior with laser intensity and have shown how the generation of high carrier densities during shift current production leads to rapid screening of the current causing current reversal during femtosecond pulse excitation. This causes the shift current to lead the rectification current by a /2 phase rather than lag it.
